Signals from 11 shots and 8 earthquakes, and numerous teleseismic events were recorded along the 400-km seismic line INDEPTH III in central Tibet and interpreted together with previous seismic and tectonic data. The abnormal behavior of various mantle phases reveals a complex Moho-transition zone, especially in the northern part of the line, in the Changtang Block, where the lower crust and the mantle show unusually low velocities, a shingled appearance of P n and no low-velocity layer in the upper crust. The strong east -west anisotropy in the Changtang Block is related to an easterly escape movement of the whole lithosphere, facilitated by the warm and weak layers in the lower crust and the upper mantle, bounded apparently by two prominent west -east running fault zones. D
Introduction
A 400-km seismic wide-angle profile (INDEPTH III) was collected in summer 1998 in central Tibet. Three component broad-band seismometer stations remained on the profile up to summer 1999 for studies of teleseismic events and local earthquakes. During the active shooting phase, 11 large shots delivered seismic signals to the 62 seismometers, creating a dense network of overlapping travel time branches. Based on the seismic data of INDEPTH III, a number of papers were recently published: Huang et al. (2000) report on the seismic anisotropy in central Tibet and its correlation to tectonics, based on teleseismic studies, and Zhao et al. (2001) report on modeling the crustal structure in central Tibet from analyzing travel times from the 11 big shots along INDEPTH III. Rapine et al. (2003) constrain the regional scale crustal structure in Tibet based on surface wave dispersion analysis; Haines et al. (2003) concentrate on the shot-point data of INDEPTH III and deep crustal processes; and Kind et al. (2002) present discontinuity images of the mantle, based on the migration of receiver functions and show that the Poisson ratio is almost normal in north central Tibet.
Although the above-mentioned papers cover the most important geologic topics in central Tibet, we feel that tectonic questions about structure and evo-lution have yet to be solved. We list a few of the remaining topics which will be addressed in this paper: (1) We give an alternative interpretation of the seismic wide-angle data, based on a panel of overlapping, controlled travel time branches, especially studying the area of the Banggong-Nuijang Suture (BNS). (2) We add new seismological data from eight local earthquakes around INDEPTH III and also use overlapping travel time branches. (3) We report on the low crustal velocities in the Changtang Block and the strange behavior of the mantle phases P M P and P n . (4) We study the crust -mantle transition (at a depth of f 70 km) and argue that a smooth velocity gradient zone in the south and a heterogeneous zone in the north seem to characterize the Moho. (5) We interpret the strong SKS-anisotropy in the Changtang Block as indicating massive lithospheric (not only crustal) escape to the east. (6) We discuss the nature of crustal doubling in Tibet.
The topics (1) to (6) addressed above are rooted in a huge amount of geophysical, geodetic and geological investigations, starting with a tectonic overview of Argand (1924) , later followed by plate tectonic considerations by Powel and Conaghan (1973) , Dewey and Burke (1973) , Molnar and Tapponier (1975) , Tapponnier (1981 Tapponnier ( , 1990 , Le Pichon et al. (1997) and Tapponier et al. (2001) . Considerable field activity started in the 1970s, and seismic/seismological studies were carried out in the 1980s and 1990s (Jia et al., 1981; Barazangi and Ni, 1982; Hirn et al., 1984; Coward et al., 1988; Beghoul et al., 1993; Hirn et al., 1995; Sapin and Hirn, 1997) , always accompanied by general tectonic and rheological studies (Zhao and Morgan, 1985, 1987; Beghoul et al., 1993; Westaway, 1995) . Regarding the crustal and lithospheric structure, the International Depth Profiling of Tibet and the Himalaya (INDEPTH project), starting in 1992, played a special role in collecting new details (INDEPTH Project Team et al., 1993; Nelson et al., 1996) . In 1998, INDEPTH was continued to central Tibet (INDEPTH III, see Fig. 1 ). The project was not restricted to seismic methods and included also electromagnetic, geologic mapping and seismologic studies (Makowski and Klemperer, 1999) .
Many hard facts about crustal thickness and lithospheric velocity structure were derived from the various INDEPTH campaigns. The Tibetan Plateau with an average elevation of between 4 and 5 km and an area of nearly 2000 Â 1000 km is not only the highest and largest plateau on earth but also has turned out to have the largest regional crustal thickness of f 70 km. It has become widely accepted that its origin is a product of the long-time collision between the Indian subcontinent and the Asian continent, a process which is still going on today (Dewey and Burke, 1973; Ratschbacher, 1996) . Details of its evolution, however, are still hotly debated. Beghoul et al. (1993) and KolaOjo and Meissner (2001) discuss the main evolutionary models of the Tibetan plateau. It seems that the hydraulic pump model (Zhao and Morgan, 1985, 1987; Westaway, 1995) forms the basis for other models, e.g., for the tectonic escape model (Molnar and Tapponier, 1975; Tapponnier, 1981 Tapponnier, , 1990 ) and especially for the underthrusting (intrusion) model, going back to Argand (1924) , modified by Powel and Conaghan (1973) and Powel (1986) and supported by new seismological studies (Beghoul et al., 1993) . The weak rheology of a thick crust dictates that it is easily compressed and thickened, possibly including some shear zones in the rigid upper crust and that it is also easily intruded, especially in the weak lower part, perhaps by an indentor like the (cold) Indian subcrustal lithosphere from the south (Kosarev et al., 1999) . Both processes, the overthickening and the indentation, lead to a tectonic escape of material to the east under the squeeze of the N -S compression (Tapponnier, 1981 (Tapponnier, , 1990 Meissner et al., 2002) . New arguments for the tectonic escape of central Tibet come from the strong SKS anisotropy (Huang et al., 2000; McNamara et al., 1994; Herquel et al., 1995) .
A new evaluation of the seismic wide-angle data along INDEPTH III
As mentioned in the Introduction section and described in detail in Zhao et al. (2001) , 11 big shots were fired and their signals were recorded by the 62 seismometers along the 400-km long line of INDEPTH III (see Fig. 1 ). Five record sections of the vertical components of the geophones with some correlation are contained in Zhao et al. (2001) . All record sections have been band-passed filtered (2 -12 Hz) and normalized. We display one of the record sections (shot-point 3) in Fig. 2 . It is one of the best sections and contains refracted and reflected crustal phases, among them a clear P M P wave at a distance between 180 and 350 km. There are other peculiarities: about 20 -30 km south of the BNS at 150 km offset the P g wave seems to end. An intra-crustal phase is observed between 100 and 150 km and also seems to disappear here. There is a time delay of about 3 s before the next phase starts. In general, such a big ''jump'' corresponds to a low velocity zone (LVZ), with a horizontal or oblique (even vertical) orientation, but some other possibilities are mentioned in the Discussion section.
We plotted all travel time data in an unreduced, composite travel time diagram (Fig. 3) . We observe that all southern shot-points produce a large delay (jump) when crossing the area of the BNS (see travel time data of shot-points 1, 2, 3, 4, 5, i.e., the signals from all shot-points south of the BNS). The signals from shot-point 6, only 30 km south of the BNS in the Lumpola valley, have strong near-surface undulations with a very small velocity (slightly above 5 km/s), but nearly no jump when crossing the BNS area. The shot-points north of the BNS (7, 8, 9, 10, 11) show only very small travel time anomalies or delays on their southward branches. Branches from shot-points 9 and 10 southward show an interruption, combined with a small travel time delay when crossing the BNS.
In general, it has to be stressed that all the southern shot-points (1 to 5) have their large jumps not at comparable travel times (horizontal LVZ), but at the same location, i.e., near the BNS. This co-incidence in location means that around the BNS, at least in the upper and middle crust, there is a near vertical LVZ, most probably a fault zone. Zhao et al. (2001) and Haines et al. (2003) also have mapped a zone of very low velocities around the BNS, but did not postulate a fault zone in their interpretations. About 20 -30 km south of the BNS, in the Lumpola valley, along the Karakorum-Jiali Fault (KJF), deep-reaching shear deformation is suspected (Huang et al., 2000) . The authors claim that this system pervades the whole crust and that shear deformation most likely reaches into the subcrustal lithosphere as well. The KJF is another candidate for the presence of a near-vertical fault zone, possibly interacting with the BNS (see paragraph on anisotropy), but as we do not know about details of the lithospheric structure we shall speak in the following of the BNS system when dealing with the extremely low P-velocities near the surface and the considerable jumps in the P travel times.
Our unreduced, composite diagram has the advantage (1) that travel time branches do not overlap and (2) that many control points in the form of identical reciprocal times are available and (3) that any irregularities in the travel tines (for instance jumps) can be easily related to a mainly horizontal (same times) or a mainly vertical (same location) anomaly (jump). With the help of the reciprocal times large branches of artificial travel times could be created (e.g., those from shot-points 9 and 10), and additional information on the velocities in the deeper crust could be obtained. The observation that our panel shows the jumps at approximately the same location is a very strong argument for the existence of a near vertical LVZ. Fig. 3 shows all the crustal travel time data along INDEPTH III except for the three P M P events. These P M P arrivals are clearly visible only on the record sections from shot-points 3 and 4 in the south and shot-point 10 in the north. Please note that none of the shot-points produced a P n -phase or a discernable precritical P M P.
The crustal velocity -depth structure along the profile was calculated using a ray tracing method (Zelt and Smith, 1992) .The velocity structure which will be shown later (Fig. 12) does not deviate very much from the diagram in Zhao et al. (2001) , except for the area around the BNS system and for the crustmantle transition zone (to be discussed later). Taking into account the difference in the travel time jumps for the southern and the northern travel branches (seismic rays from the south show larger delays at the BNS), we modeled the BNS system with a slight northerly dip and with an assumed anisotropy which cause rays from the south to be much delayed while rays from the north might take advantage of the layered, anisotropic, north-dipping structure (see Fig. 4 ). This model explains the low velocities and the differences in the travel time jumps. The assumption of a northerly dip would also be in agreement with the presence of Jurassic ophiolites along the BNS which were thrust southwards onto the Lhasa block (Girardeau et al., 1998) . It has probably changed partly into a rightlateral strike-slip zone at least near the surface although its exact surface trace is not well defined.
Additional seismological data from local earthquakes
The various travel time branches from the shotpoints provide a strong challenge for earthquake investigations with their signal frequencies generally lower than those from shot-points. About 12 earthquakes from the Tibetan plateau were inspected and 8 of them were considered adequate for a first interpretation, lying roughly in the southern or northern prolongation of the profile. Their location is from the Epicentral Catalogue of the US Geological Survey. In Table 1 , coordinates, possible location errors and magnitudes are listed; the epicenters of the earthquakes were marked in Fig. 1 with stars.
It is well known that effects of mis-locations may cause errors in picking arrivals and plotting travel time diagrams. While the hypocenters are all shallow and cannot cause serious deviations the possible errors in epicenters were calculated by simple geometry: It was found out that even an error of 15 km would be negligible for all P n branches and would change P g branches slightly only near the sources. From the parallel branches of the P g from adjacent earthquakes, however, we conclude that-at least in the northern sector--lateral errors in location can probably be neglected and -all hypocenters seem to be shallow.
After Langin et al., 2003 , hypocenters in the north are generally less than 20 km, but we conclude from the exact parallelism of the P g -waves that our four earthquakes in the north are certainly shallower.
In Table 2 , crustal and mantle phases are listed. In contrast to signals from the shot-points, all earthquake records show P n -waves, although they appear weak, short and shingled in the north and show a different beginning. Two sections in the north show indications of P M P, apparently near and behind the critical distance (see below for a detailed discussion).
As a first example, we take the shallow M = 4.4 earthquake New 7, situated about 70 km east of the southern end of INDEPTH III. It was recorded with only 20 samples/s, and except for an anti-alias filter no further filter was used. Fig. 5 shows the record section of the vertical components. The section contains much lower frequency ( f ) than any of the sections from the shot-points. The time jump visible for all southern shot-points near the BNS system shows up clearly in this section, too, although with smaller amplitudes. At larger offsets a velocity of 6.9 km/s (lower crust) is observed, the highest crustal velocity recorded from any earthquake along INDEPTH III. It is followed by a clear low f mantle velocity of >8.1 km/s at distances of >295 km, and at a travel time of f 52 s. It is a straight and long P n branch, similar to record sections from other southern earthquakes. Signs of P M P signals slightly beyond the Please note that all northern earthquakes with shingling P n have strong crustal branches at later travel times. critical angle are indicated in some sections, but they are too weak to try a correlation. It is interesting to note that the two horizontal components of the seismometers recorded clear crustal S-wave arrivals from earthquake New 7, also showing a large jump near the BNS. At larger distances (>300 km) the horizontal components of New 7 show arrivals with a velocity of f4.6 km/s, probably Sn-waves. An example from the northern earthquakes is shown in Fig. 6 . It is the shallow M = 4.4 earthquake 3 -24, filtered with 2 -8 Hz and situated about 130 km north of the line. No crustal phases show any velocities higher than 6.3 km/s. A first short and weak P n -branch starts at about 250-km distance and a reduced travel-time of 9 s. A second P n -branch starts at about 350 km Both P n -waves have apparent velocities of only 7.7 -7.8 km/s. Various indications of P M P are present, apparently matching the P n -branches, but an exact correlation could not be carried out. Similar observations, i.e., short and shingled P n -branches with velocities below 8 km/s, followed by strong and long crustal phases, occur at all three northern earthquakes in the Changtang Block. Earthquake New 5 does not show any crustal velocity higher than 6.1 km/s and crustal velocities from the other earthquakes never reach values higher than 6.4 km/s (including the ''lower'' crust). We remember that crustal phases from the northern shot-points (Fig. 3 ) also showed such very low P-velocities from normal and reverse shooting.
The shallow M = 3.8 earthquake New 8 with nearly the same northerly distance as earthquake 3 -24 but different propagation paths shows similar crustal and mantle phases and similar-but not identical-travel times, often really intermingling with each other as seen in the unreduced and overlapping travel time diagram of the eight earthquakes used (Fig. 7) . It mainly shows P g -and P nphases. Velocities typical for the lower crust (6.5 -7.2 km/s) were only detected at three records (New 6, 7, 8) , while the remaining four records show crustal velocities around 6 -6.3 km/s. Large parts of the lower crust have much lower velocities than usual. The lack of any clear P M P phases and the appearance of various short and weak P n -travel time branches are indications of a complex and unusual structure of the crust and its bottom. This kind of scatter is most evident for the signals from the three earthquakes in the Changtang Block in the north. These observations support the idea that here the crust is certainly unusual and the transition zone at the Moho appears highly complex. The first P n branch is possibly only a thin layer within the transition zone. The low velocities in the whole northern crust will be discussed again in the Discussion section.
Heterogeneity, layering and Moho-transition
We plotted the P n -phases symmetrically in a preliminary depth profile and note that all northern earthquakes show P n -refractors in the Changtang Block, and all southern earthquakes have P n -refractors in the Lhasa Block (Fig. 8) . There is no overlapping of the P n -travel times. The pronounced scatter of mantle phases and their unusually low velocities in the Changtang Block is certainly larger that in most other profiles. A large contribution to the complexity of the lower crust might be effected by a transition from gabbro to eclogite facies, as generally supposed for a crustal depth of more than 60 km and moderate temperatures (Furlong and Fountain, 1986; Le Pichon et al., 1997) .
Since the first experimental investigation of the gabbro -eclogite transformation (Ringwood and Green, 1966; Green and Ringwood, 1967) , it has been argued that the crust -mantle transition in areas of thickened crust may be a velocity gradient zone. Especially Ito and Kennedy (1971) and Furlong and Fountain (1986) studied the petrological and geophysical consequences. They developed models with various velocity-gradient zones at the base of the crust and studied the influence of temperature, as estimated from surface heat flow. As a consequence, there would be no first-order boundary at the base of the crust, no (high f) reflections and no energy below the critical angle (i.e., no near-vertical reflections).
It is well known from theoretical and experimental evidence that in case of a gradient zone a diving wave is generated (if the seismic wavelength k is small compared to the thickness d of the gradient zone). A wave in a strong-gradient zone is also called a retrograde diving wave, and its hyperbolic travel time curve is very similar to that of a real wide-angle reflection (Meissner, 1996) . Such wide-angle reflections from the Moho, on the other hand, do have at least some energy below the critical angle, showing apparent velocities larger than 8 km/s. In general, the expression P M P is used for both kinds of waves, real reflections and diving waves.
Looking again at the P M P phases from the three shot-points 3, 4 and 10, we do not observe any energy below the critical angle. On the other hand (at least for the southern shots, e.g., shot 3), the modeling of P M P provides some energy below the critical angle if the Moho is assumed to be a firstorder boundary (Fig. 9 of Zhao et al., 2001 ). This does not agree with the observations and provides another argument for the Moho being a transition zone, similar to the reasoning of Kola-Ojo and Meissner (2001) 
from the observations of GEDEPTH I (INDEPTH II).
It should also be mentioned that in practice the phase P n (the refracted Moho event) is also a diving wave (in a small-gradient zone), being prograde. We know that the P n -wave samples mantle velocities down to a depth of more than 100 km (Smith and Ekström, 1999) . As a consequence, the appearance of P n does not depend much on the nature of the crustmantle transition zone.
There are petrophysical and seismological arguments for suspecting a large crust -mantle transition zone in areas with an overthickened crust (>60 km depth):
(1) A transition from gabbro to eclogite facies is supposed to start around 50 to 60 km depth (Sapin and Hirn, 1997) , depending on the temperatures (not too high). Such a transition zone probably produces a velocity-gradient zone (Furlong and Fountain, 1986 ). An additional transition of eclogite into granulite facies is possible contributing to the uplift of the plateau .
(2) Mantle temperatures in the southern Lhasa Block are rather low because of the intrusion of the (cold) subcrustal Indian lithosphere, possibly carrying with it a certain percentage of lower crust (Kola-Ojo and Meissner, 2001) .
(3) Near-vertical Moho reflections along INDEPTH I disappear when the Moho depth exceeds f 60 km depth . Similar observations were made in the Altiplano in the Andes (The ANCORP Working Group, 1999). Here, Moho reflections become more and more diffuse when approaching a depth of f 60 km. Low-f receiver functions do show the Moho in Tibet and in the Andes for depths smaller than 60 km, but provide a suspiciously broad signal for deeper Mohos (Yuan et al., 1997; Yuan, 1999; ANCORP Working Group, 1999) . In northern Tibet, the Moho is observed everywhere north of 29jN by using the receiver function technique, but it has to be Fig. 8 . Location of P n -phases from the earthquakes; coverage assumed to be at the center between earthquakes and receivers. Velocity -depth relationship V(z) taken from GEDEPTH I (GI). Large numbers along P n -phases: velocities in kilometers per second.
remembered that the teleseismic waves have much reduced frequencies (Kind et al., 2002; Yuan et al., 1997) .
(4) Also wide-angle reflections along INDEPTH II do not show energy below the critical angle (Makowski and Klemperer, 1999) . Near-vertical reflections could not be observed, presumably because of great Moho depth (>65 km) and a velocity gradient zone (Kola-Ojo and Meissner, 2001) .
Remembering these observations, we inspect the new data along INDEPTH III. In the shot records there is no P n anywhere, and only three record sections (shot-point 3, 4 and 10) show phases of P M P. The P M P events start at a distance of more than 200 km with an apparent velocity of about 8 km/s; hence, they are presumably diving waves. Fortunately, most earthquakes around INDEPTH III with their rather low frequencies all produce P n -waves, but no obvious P M P or S n and no S M S (details in Tables 1  and 2 ). Certainly, the lack of clear P M P from the earthquakes and P n from the shots, and only sporadic appearance of P M P, indicates an unusually complex crust -mantle boundary. The discrepancies between shots and earthquakes must be related to their respective energy, frequency content and source depth. A thick and complex velocity gradient zone, possibly also involving some layering, such as is observed in the Changtang Block, seems to provide a possible explanation for the unusual behavior of the P M P phases.
We have attempted to put constraints on the thickness of the transition zone by calculating synthetic seismograms with the 1D-reflectivity method (Müller, 1985) . The model has been chosen to be close to the lateral average of the model presented in Zhao et al. (2001) in order to facilitate direct comparisons of the synthetic waveforms with the data (Fig. 9a) , but it should be kept in mind that we do not attempt to match the data in their entirety but merely wish to explore the behavior of P M P for different offsets. The source time function was chosen to obtain a frequency content similar to the one observable in the shot records, albeit somewhat broadened in order to obtain a compact waveform. The modeling was restricted to P waves, in order to avoid contamination by wrappedaround slow S waves and to ease interpretation. The sharp discontinuity at the Moho was replaced by transition zones of various widths, where velocities were interpolated linearly between lower-crustal and mantle velocities. The record sections for a sharp Moho, a 1-km transition width, and a 4-km transition width in Fig. 9b demonstrate that the replacement of the Moho by a transition zone does affect only the phase in the post-critical area, as expected. However, the amplitude of pre-critical P M P at small offsets is strongly reduced and the waveform broadened, even for a transition width of 1 km; the amount of reduction in amplitude increases with decreasing offsets, i.e., P M P at offsets far from the critical distance (180 -200 km for the synthetic models) is more strongly depressed. Fig. 9c shows that for a transition width of 4 km, no significant pre-critical P M P is present. In none of the shot records, there is even a hint of P M P visible at distances less than 30 km below the critical distance A detailed consideration of pre-critical P M P amplitudes at about 50 km less than the critical distance shows that a transition width of f 2 km is sufficient to depress pre-critical P M P to amplitudes that would render it undetectable above the P coda, whose amplitude in the shot records is f 3-4 times less than P M P at the critical distance. This result is not strongly dependent on the crustal structure above the Moho; for example, similar results were obtained with simplified models (not shown here) consisting only of a constant velocity upper and lower crustal layer, a constant velocity mantle, and the transition zone. It has also to be kept in mind that 2 km is a minimum estimate, larger transition widths up to about 10 km are also compatible with the data and even likely for Tibet south of the BNS, considering that Moho conversions in low f receiver functions ( < 1 s period) are also significantly reduced.
The amplitude of post-critical P M P exhibits a much smaller dependence on the transition width, and no pulse broadening occurs. However, there is a small variation of travel time, with earlier arrivals for larger transition widths. The travel time effect becomes more pronounced for larger offsets, and results both from details of the model parameterisation, which yields higher velocities in the lower crust for larger transition widths, and from the fact that the effective turning depth becomes shallower, at least for P M P with an apparent velocity below 7.6 km/s (intermediate between crustal and mantle velocities). The travel time variations are comparable to the residual RMS for P M P in the Zhao et al. (2001) model. The amplitude variations of post-critical P M P at larger offsets are also related to geometrical effects which in turn are highly dependent on details of the model, in particular the gradient in the lower crust. Specifically, no significant amplitude variations occur in the simplified model described above. Because of this sensitivity to details of the model we refrain from making further use of post-critical P M P amplitudes. Fig. 9d -f shows record sections of the sharp Moho transitions and the two gradient zones.
At first sight, it appears surprising that no obvious P M P is observed in the earthquake records, as their lower frequency content should make them less sensitive to any complexity of the Moho. However, P M P is also very weak in the synthetic data for a buried earthquake source and the preferred model with a transition width of 2 km (Fig. 10) ; only very near the critical distance, appreciable amplitudes are obtained (the first arrival after P n for offsets larger than 350 km is a lower crustal refraction). Using the synthetic section as a guide, we can tentatively identify a weak phase just after P n for offsets 250-320 km in Fig. 6 as P M P. No observation of P M P beyond that distance or pre-critically would be expected based on the synthetics; therefore, no additional structure needs to be invoked to explain at first the surprising behaviour of P M P for earthquake sources. We carried out further synthetic experiments to explore the effect of variations of the model and different source parameters. The lack of P M P for large offsets is related only to the depth of the source and the geometry of the model, i.e., it occurs for different focal mechanisms, with or without the gradient zone, and irrespective of the exact frequency content of the source wavelet. The presence of late, large but scattered P M P-like amplitudes on earthquakes New 6, New 7 and 3 -24, much beyond the critical distance, can be interpreted as a sign for the complexity of the Moho transition and possibly indicate that at least these earthquakes are shallow. From the parallel P g -branches of the northern earthquakes, we have to conclude that all earthquakes in the Changtang Block are also shallow.
Attenuation, anisotropy and temperature
As most of the path of P n for the shot records is within the 'No-S n -zone' previously mapped (Barazangi and Ni, 1982; McNamara et al., 1995) , one can speculate that the absence of P n on the INDEPTH III shot records is related to the absence of S npropagation in the northern part of the INDEPTH III array. By introducing unusually strong attenuation into the sub-Moho layers of the synthetic models, we found that a P-wave quality factor Q P of f 180 -340 (corresponding to Q A f 80 -150) could explain the absence of high frequency P n , while leaving the lower-frequency P n phase from the earthquakes strong enough to be detected over the ranges considered in this paper. At the same time, S n would be suppressed, too. However, previous modeling has shown (Crotwell et al., 1995) that it is not possible by attenuation alone to wipe out S n within the attenuating zone but let P n from local earthquakes propagate across the whole plateau. Additional model studies show that it is likely that the observations on the efficiency of mantle phases in Tibet (no efficient propagation of S n and very high frequency P n ; efficient propagation of intermediate P n from earthquakes) can only be explained by both increased attenuation and a difference in the velocity gradients. Both effects could result from partial melting of the mantle.
Basaltic volcanism of different age but continuing until the most recent past (less than 5 Ma) is known to have occurred in northern Tibet (Yin and Harrison, 2000) . The depletion due to partial melting would result in a gradual increase in olivine content relative to orthopyroxene and clinopyroxene with depth, which in turn would cause the P velocity gradient to be steeper than the S velocity gradient (Fuchs, 1983) .
In Fig. 11 , we have plotted the average velocitydepth structure with a crust -mantle transition zone and Fig. 12 shows the velocity model of INDEPTH III including the data from GEDEPTH I (Kola-Ojo and Meissner, 2001 ). The sudden appearance of strong SKS anisotropy south of the BNS (Huang et al., 2000) can only be explained by a considerable contribution from the crust, while the strong amplitude of the anisotropy suggests a large contribution from the mantle (Fig. 13) . The whole Changtang Block seems to be horizontally anisotropic, with the strongest anisotropy (up to 2.5 s delay time) concentrated near the fault bounding shear zones; the fast directions there oriented close to east -west, whereas in the interior of the block fast directions vary from EW to NE (McNamara et al., 1994; Herquel et al., 1995; Huang et al., 2000) . The beginning of strong shear wave splitting anisotropy about 25 km south of the BNS indicates that parts of the subducting Indian subcrustal lithosphere delaminates also laterally as suggested by Kola-Ojo and Meissner (2001) .
The supposed lattice preferred orientation (LPO) seems to be caused by an extrusion or escape tectonics of the whole lithosphere to the east, as already suggested by Molnar and Tapponier (1975) , Tapponnier (1990) , Burke and Sengör (1986) , Avouac and Tapponnier (1993) , Hirn et al. (1995) and Park and Levin (2002) . East of Tibet, there is an especially weak lithosphere and the strong north -south compression in Tibet expels the lithosphere eastward. The sudden appearance and the large amount of anisotropy suggests that considerable parts (the warm and weak layers) of the whole lithosphere contribute to the escape process in the Changtang block.
Unfortunately, the INDEPTH III profile is nearly perpendicular to the fast axis of anisotropy and will not display the high values of P n , suspected in the west-east direction. A south -north direction (perpendicular to the fast axes) should show only slightly lower velocities than for isotropic material (Kern et al., 1996; Vinnik et al., 1992) . The rays through the Changtang block indeed show lower P n -velocities: between 7.6 and 7.9 km/s, compared to 8.0 -8.2 in the southern part of the line and 8.2 -8.3 km/s in the southern Lhasa Block (Beghoul et al., 1993) . Possibly, the low velocities in the north are an indication for anisotropy, but other causes like higher temperatures and hence attenuation in the north are additional (or alternative) explanations. Kind et al. (2002) really find a gradual lowering of the Moho from about 80 km beneath the Yarlung Tsangpo Suture to f 65 km under northern Tibet from receiver function studies, but they do not find a significant change in crustal thickness north of the BNS. That means that the low P n -velocities in the Changtang Block are true and not effected by a dipping Moho. There was also no rise of the Moho found by the dispersion studies of Rapine et al. (2003) , but their data would possibly not be able to resolve a small step ( < 5 km) in the Moho.
Higher temperatures in the mantle of northern Tibet have long been suggested, mainly based on S-wave attenuation (Beghoul et al., 1993) and magmatism (Tapponier et al., 2001) . Also, in the paper of Kind et al. (2002) , a 300 jC hotter lithosphere in the north is estimated from receiver function studies. Rapine et al. (2003) find a low lower-crustal S-wave velocities and the absence of an S velocity gradient in the mantle beneath northern Tibet from dispersion studies. McNamara et al. (1995) , studying S n regionally, map a large elliptically formed attenuation area in central Tibet, mainly in the Changtang Block. Quaternary volcanism and our unusually low P-velocities in the lower crust and upper mantle from wide-angle and refraction studies, and P n tomography (McNamara et al., 1997; Haines et al., 2003) fit perfectly into the concept of a hot, attenuating and weak, possibly anisotropic and easterly escaping, lithosphere.
Discussion
We discuss first the correlation of seismic arrivals around the BNS system. We have interpreted a large sudden travel time delay (the ''jump'') in the shotpoint records and in the nearby earthquake New 7 as indicating a near vertical fault zone. The interpretation goes beyond that of Zhao et al. (2001) and Haines et al. (2003) who both find a very low velocity area around the BNS; it is apparently identical to the mapped low velocity zone around the BNS system marked by Haines et al. (2003) and Zhao et al. (2001) based on an extensive ray analysis of shot-point signals. Our jump occurs only in the P g arrivals and is nearly absent in P n , indicating a disturbance of the upper crust down to about 35 km, the greatest depth of the P g waves. On the other hand, Tilmann et al., (2002) find a high-velocity body in the lithosphere below about 200-km depth. Fig. 13 . S-anisotropy along INDEPTH III and some selected older data in southern Tibet, after Huang et al. (2000) .
One might speculate that this near-vertical structure represents the subducting subcrustal Indian lithosphere (SCIL) which may have reached this distance (Kola-Ojo and Meissner, 2001 ), but a connection to the low velocity zone near the BNS system at the surface seems highly speculative.
We next discuss the strange behavior of signals from the shots and from the earthquakes: only postcritical P M P and no P n from the shots; clear P n from the earthquakes, although short, weak and shingled in the Changtang Block, and only indications of P M P, observable close to and beyond the critical distance. Such observations have occasionally been made in other regions (Blümling and Prodehl, 1983) . Mostly, frequency-dependent signals together with thin layers have been suggested to explain these phenomena. For Moho-events from deep structures, a large transition zone has been suggested by Mooney and Prodehl (1984 and references therein) and Kola-Ojo and Meissner (2001) .
Many researchers have investigated the effects of the large and continuous convergence rate between India and Asia which started f 70 Ma ago (Tapponnier, 1981 (Tapponnier, , 1990 Yin and Harrison, 2000; Kola-Ojo and Meissner, 2001; Galvé et al., 2002) . Most of these observations, however, refer to the upper (rigid) part of the crust. They are supported by focal plane solutions of shallow earthquakes which show north -south compression in the Himalaya and southern Tibet, but east -west extensional solutions in central and northern Tibet (Barazangi, 1989) , which is generally related to a tectonic escape to the east (Burke and Sengör, 1986) . Also new GPS measurements through the central Changtang Block (Wang et al., 2001 ) confirm escape rates of 1.0 -2.0 cm/year, showing a maximum at the limiting fault zones, the Kunlun in the north and the BNS in the south. According to Dewey et al. (1988) and Ratschbacher (1996) , one third of the Indian -Asia conversion is accommodated by lateral extrusion. It is suspected that the upper (rigid) part of the crust moves on the shoulder of the hot and weak lower crust because many observations of seismology and heat flow studies indicate a warm and weak lower crust, apparently hot and wet in the south, hot and dry in the north Meissner and Mooney, 1998; Kola-Ojo and Meissner, 2001; Kind et al., 2002) . It should be remembered that a temperature of 800 jC does not much weaken the upper mantle, but it is above the solidus of granitic and even gabbroic material (Meissner and Strehlau, 1982) , causing a dramatic weakening in a thick crust (e.g., Haines et al., 2003) , generating partial melts, possibly partly responsible for the low crustal velocities.
From the rheological point of view, the warm area of central Tibet must have weak layers in the lower crust and also in the upper mantle, leading necessarily to a differential escape under appropriate stress. It has been argued that the rather uniform uplift and high elevation of the Tibetan plateau and the overthickened crust is caused by a general compression of ductile crustal material (Zhao and Morgan, 1985, 1987; Westaway, 1995; Kola-Ojo and Meissner, 2001 ). This ''Hydraulic Pump'' model provides a possibility for explaining the uniform thickening of the whole plateau, although an underthrust intrusion from the cold subcrustal Indian lithosphere (SCIL) takes place in the southern part (Beghoul et al., 1993) and might contribute to the uplift. The underthrust model was first suggested by Barazangi and Ni (1982) and was later confirmed by Beghoul et al. (1993) , who measured a rather high (cold) P n -velocity of more than 8.2 km/s (like our data in the Lhasa Block), and calculated a thick SCIL of more than 135 km. This confirms the presence of the Indian mantle below southern Tibet which seems to continue at least up to about the middle of Tibet (Tilmann et al., 2002) . This observation suggests at least three different shortening mechanisms:
(1) The upper (rigid) part of the crust is subjected to orogen-and fault-related processes (crustal shortening). There is ample stacking along (lubricated?) faults (Brown et al., 1996; Nelson et al., 1996) and possibly even a ''hidden'' subduction (Tapponier et al., 2001 ). The (near-surface) fault in the area of the BNS system that we observe in the overlapping travel time diagrams is only one example of a prominent fault zone, reaching down at least to about 35 km.
(2) The middle and lower parts of the crust experience ductile shortening mechanisms where the main tectonic stress comes from the intruding SCIL from the south. In the Changtang Block, most of the crust shows velocities typical for the upper crust. No stratification is observed any more between upper and lower crust. Shot-points and earthquakes provide velocities higher than 6.3 km/s only sporadically, and a general mixing of (warm) material has to be assumed, possibly a by-product of escape. At the bottom of the crust, the shingled P n seems to represent thin layers of mantle material being intruded into the lower crust, forming a complex transition zone, probably supported by the escape movement. In the north -east of the Changtang Block, Galvé et al. (2002) observe an apparent ''thickening'' of the upper crust from fan observations. This ''thickening'' agrees with our measurements of low velocities in the whole crust of the (western) Changtang Block. Based on V P / V S ratio, Vergné et al. (2002) infer a thick felsic crust overlying a relatively thin mafic lower crust in the same area, again grossly consistent with the scenario presented here.
(3) The fate of the intruding SCIL, however, is problematic and several processes are discussed. There is first thermal thinning (Beghoul et al., 1993; Yin and Harrison, 2000) , certainly a serious candidate, because no deep earthquakes appear any more in the northern Lhasa or the Changtang Block. Thermal thinning, however, cannot dissolve the whole SCIL, and Yin and Harrison (2000) also suggest a subduction-like delamination near the BNS system and below the Changtang Block. On the other hand, no sign of subduction is observed along INDEPTH III, neither in seismicity nor in the signals from the shots or earthquakes. However, teleseismic tomography shows a steep high-velocity slab in the upper mantle (Tilmann et al., 2002) . Vertical (or some lateral) delamination would provide an effective shortening mechanism. The sudden appearance of strong anisotropy slightly south of the BNS system is an important observation and suggests the beginning of a large and sudden flow (or creep) process in the mantle and crust.
As mentioned, the crust in central Tibet, especially in the Changtang Block, is known to move eastward, from GPS measurements, from tectonic mapping and fault plane solutions. In the north, there is a wellknown left-lateral movement along the Kunlun Fault for the last 40,000 years ( Van der Voerd et al., 2002) , in the south some right-lateral movement seems to take place in the vicinity of the BNS system. The actual surface displacements along the faults are only 1-1.4 or 1-2 cm/year by GPS regionally (Wang et al., 2001) . Meissner et al. (2002) estimate an eastward movement of central Tibet around 1.6 cm/year. This figure compares well with the estimate of Ratschbacher (1996) that one third of the current total convergence of 5 cm/year between India and Asia is taken up by lateral extrusion. Neither from the shots nor from the earthquakes a low velocity layer in the upper or middle crust was detected, in accordance with the interpretations of Zhao et al. (2001) and Haines et al. (2003) .
It seems from the combination of geological mapping, fault plane solutions and anisotropy data that crust and mantle in central Tibet escape to the east. They seem to separate laterally, contributing to the strong west-east anisotropy in the Changtang Block. The movement might start along near-vertical fault zones (like the BNS system and the Kunlun Fault), and at deeper levels along a weak zone of enhanced creep. Part of the SCIL might subduct and delaminate, possibly partly laterally because of the beginning of strong anisotropy slightly south oft he BNS (Huang et al., 2000) . At depth, it might mobilize hot asthenospheric material and contribute to warming and uplift (England and Houseman, 1986; Meissner and Mooney, 1998) . In Fig. 14, we have tried to combine the suggested pattern of movement, the SCIL partly delaminating downwards, partly laterally.
Conclusions
From the combination of seismological and shallow geological observations, a number of new structural and tectonic features of central Tibet was revealed.
(1) In the middle of INDEPTH III, the BanggongNuijang Fault system (BNS) is characterized by jumps or delays of travel times from shots and from earthquakes. The BNS seems to reach down from the surface to at least 35-km depth with a steep, probably northerly, dip. No (near horizontal) low velocity layer-like in the southern Lahsa Block-was found along INDEPTH III.
(2) Comparing mantle phases from 11 shots (some P M P, no P n ) and 8 local earthquakes (always some P n , P M P only observable close to, and beyond, the critical distance) a complex Moho transition is indicated, especially in the Changtang Block. From the absence of subcritical P M P and some unusual P n -events the Moho transition is suspected to be a velocity gradient zone, in accordance with petrophysical reasoning about a gabbro -eclogite transition. Comparison with reflectivity yield a minimum of 2 km for the gradient zone which must be very heterogeneous in the Changtang Block and apparently rather smooth in the Lhasa Block.
(3) Based on the observed P-velocities the unusually thick crust in Tibet (f 70 km) is formed in the south by a doubling of the (rigid) upper crust and a doubling of the (ductile) lower crust In the Changtang Block; however, only a doubling of the upper crust or a general mixing of hot crustal material seems to have taken place. P-velocities in lower crustal depths resemble those of the upper crust. This absence of typical lower crust velocities and the appearance of shingled P n may be related to the tectonic escape and some indentations of mantle slices plus attenuation and a suspected P-anisotropy with the fast direction west-east (like the S-anisotropy) and a slower component in the south -north direction, i.e., parallel to INDEPTH III. Also, the P n -velocities in the Changtang Block are lower than normal and the P n -branches are short and shingled. Our interpretation of travel times is considered to provide the most reliable velocity values available in central Tibet.
(4) The intruding subcrustal Indian lithosphere known to be present in the southern Lhasa Block may have reached the area of the BNS in the middle of Tibet where it might delaminate vertically or even (partly) laterally, as suggested by early beginning of S-anisotropy and in accordance with the west -east escape of the Changtang Block.
